Perchlorate, nitrate and thiocyanate are ubiquitous in the environment, and human exposure to these chemicals is accurately measured in urine. Biomarkers of these chemicals represent a person's recent exposure, however, little is known on the temporal variability of the use of a single measurement of these biomarkers. Healthy Hispanic and Black children (6-10-year-old) donated urine samples over 6 months. To assess temporal variability, we used three statistical methods (n ¼ 29; 153 urine samples): intraclass correlation coefficient (ICC), Spearman's correlation coefficient between concentrations measured at different timepoints and surrogate category analysis to assess how well tertile ranking by a single biomarker measurement represented the average concentration over 6 months. The ICC measure of reproducibility was poor (0.10-0.12) for perchlorate, nitrate and iodide; and fair for thiocyanate (0.36). The correlations for each biomarker across multiple sampling times ranged from 0.01-0.57. Surrogate analysis showed consistent results for almost every surrogate tertile. Results demonstrate fair temporal reliability in the spot urine concentrations of the three NIS inhibitors and iodide. Surrogate analysis show that single-spot urine samples reliably categorize participant's exposure providing support for the use of a single sample as an exposure measure in epidemiological studies that use relative ranking of exposure.
Introduction
Normal thyroid function is essential for growth and neurological development in fetuses, infants and young children. The thyroid requires iodine to make thyroid hormone. Environmental toxicants, such as perchlorate, nitrate and thiocyanate, can disrupt normal thyroid function by competitively inhibiting iodide uptake by the sodium/iodide symporter (NIS; Braverman and Utiger, 2005) . Human exposure to these chemicals occurs mainly through diet and drinking water (Michajlovski and Langer, 1958 ; National Academy of Sciences, 1995; Kirk et al., 2005; Dasgupta et al., 2006; Murray et al., 2008; Huber et al., 2010) . Perchlorate is a naturally occurring anion that is formed in the atmosphere and is synthesized primarily as ammonium perchlorate for use as an oxidizer in producing solid propellant for rockets, missiles and fireworks, and is known as ''rocket fuel''. Perchlorate, nitrate and thiocyanate can be found in soil, surface water or drinking water, leafy green vegetables and in milk (National Academy of Sciences, 1995; Dasgupta et al., 2006; Kirk et al., 2007; Murray et al., 2008; Huber et al., 2010) . Nitrate can also be added to foods, such as meat and fish, as a preservative. Thiocyanate occurs in foods such as milk and cassava and is a metabolite of cyanide from sources such as cigarette smoke. Perchlorate, nitrate and thiocyanate are ubiquitous in food and in the environment leading to widespread human exposure.
Perchlorate, nitrate and thiocyanate are detected in human urine , breast milk (Kirk et al., 2003 (Kirk et al., , 2005 Pearce et al., 2004) , amniotic fluid (Blount and Valentin-Blasini, 2006; Blount et al., 2009) , serum and cord blood (Blount et al., 2009 ). However, all of these chemicals are primarily excreted in the urine, thus, urine is the most sensitive matrix to use for assessing exposure. In all, 70-100% of perchlorate and nitrate are excreted within a few hours unchanged in the urine (Lawrence et al., 2001; Greer et al., 2002) These three chemicals have been found in virtually 100% of the urine samples collected in a large, representative sample of the US population .
Studies that use urinary biomarkers to examine the potential role of perchlorate, nitrate and thiocyanate in the impairment in the thyroid typically use a single-spot urine to assess exposure. Perchlorate, nitrate and thiocyanate biomarkers in urine accurately measure a person's recent exposure, however, as food intake can change substantially from day-to-day, and because of these chemicals' short half-lives, they are eliminated in the urine within a few hours or days after ingestion, a single sample may not be representative of one's long-term exposure. In addition, variability in urinary concentrations can reflect the timing of sample collection relative to recent food and water consumption , and excretion patterns. Data on the temporal variability of these chemicals is limited, so the timeframe that one sample can represent has not been established. There is one study that looked at temporal patterns in perchlorate, thiocyanate and iodide in breast milk, and found significant variation in levels among individuals over 4-14 days (Kirk et al., 2005) . If we are to examine the effects of these chemicals on neurodevelopment and growth, it is important to understand the temporal variability of urinary concentrations of perchlorate, thiocyanate and nitrate.
Epidemiological research on NIS inhibitors has not conclusively associated exposure with thyroid function. In general, associations between perchlorate exposure and thyroid or neurodevelopmental dysfunction have not been identified among pregnant women, children, newborns or occupationally exposed adults, all of whom had normal iodine intake (Crump et al., 2000; Lawrence et al., 2000 Lawrence et al., , 2001 Greer et al., 2002; Chang et al., 2003; Lamm, 2003; Braverman et al., , 2006 Tellez et al., 2005; Amitai et al., 2007) . Positive associations between urinary perchlorate and TSH have been observed in the women (Blount et al., 2006a) and infants with low urinary iodide (Cao et al., 2010; Steinmaus et al., 2010) . High-nitrate levels have been identified as a risk factor for altered thyroid metrics in both humans and animals (Gatseva and Argirova, 2005; Tajtakova et al., 2006) . Two studies reported that maternal serum thiocyanate levels were strongly correlated with low iodine levels in breast milk (Laurberg et al., 2004; Kirk et al., 2007) and in another study, maternal thiocyanate was associated with impaired thyroid function and disturbed development of the offspring (Brauer et al., 2006) . The use of a single sample to characterize usual exposure in these studies may lead to exposure misclassification that can bias results.
Given the dependence on food consumed and the relatively short half-lives of NIS inhibitors, characterization of an individual's exposure based on a single urine sample needs to be examined. Furthermore, examining the impact of environmental agents on the thyroid should be done on the most susceptible populations, particularly children. To address this issue, we conducted a study of intra-individual temporal variability of perchlorate, nitrate, thiocyanate and iodide among New York City children.
Materials and methods

Study Population
The study population and methods have been previously described (Teitelbaum et al., 2008) . Briefly, from June to October 2004, healthy Hispanic and Black children, between the age of 6 and 10 years who were visiting an East Harlem, NYC community health clinic, were invited to participate in this study. Thirty-five children were enrolled. Informed consent was obtained from each child's legal guardian and assent was obtained from each child. Interviews were conducted with the child's parent or legal guardian in Spanish or English. Children were asked to donate six serial urine samples over a period of 6 months, at initial interview (baseline), B1, 2, 3 and 6 months after baseline as well as one additional sample donated B2 weeks after any of the first four samples. At each timepoint, spot urine samples (B40 ml) were collected at the clinic or at home. Urine samples were aliquoted and frozen at À20 1C. Samples were analyzed at the National Center for Environmental Health of the Centers for Disease Control and Prevention (CDC) for perchlorate, thiocyanate, nitrate and iodide. This study was approved by the Institutional Review Boards of Mount Sinai School of Medicine and the CDC.
Laboratory Analysis
Perchlorate, nitrate, thiocyanate and iodide levels in urine were determined by isotope dilution and ion chromatography/tandem mass spectroscopy (IC/MS/MS), as reported previously . Briefly, urine samples were thawed to room temperature and mixed to suspend any particulate material. Urine (0.25 ml) was then transferred to an autosampler vial. The sample was diluted with 0.750 ml of deionized water containing labeled internal standards (Cl ) and queued for injection into the IC/MS/MS system. Each batch of unknown samples was bracketed by aliquots of quality control materials and blank samples for the purpose of assessing method accuracy, precision, and contamination. Quantification was based on the ratio of analyte to stable isotope-labeled internal standard using a set of 10 calibrators run with each set of samples. Absolute assay accuracy was verified by the blind analysis of four different reference solutions containing the different analytes at four different concentrations. Reported results met the accuracy and precision specifications of the quality control/quality assurance program of the Division of Laboratory Sciences, National Center for Environmental Health, Centers for Disease Control and Prevention (Caudill et al., 2008) . A total of 159 urine samples donated by the 35 participants were analyzed. Six children donated a single sample at baseline and are only included in the descriptive statistics presented in Table 1 . Four children contributed 2-5 samples, but did not provide a urine specimen at the end of the 6-month period. The remaining 25 participants completed the 6-month protocol donating between four and seven samples each for a total of 136 samples. Variable hydration of study participants is likely to lead to varying degrees of dilution of urine samples. Thus, differences in urinary analyte concentrations can be due to variable fluid intake and excretion. To account for this, all values were normalized to urinary creatinine by dividing analyte concentration by the urinary creatinine concentration. As there is continued debate about the use of creatinine for correction of urine dilution, all analyses were performed on uncorrected (ng/ml) and creatinine-corrected (mg/g creatinine) values. Owing to the non-normal distribution of the analyte concentrations, all analyses were conducted on natural-log-transformed values using SAS version 9.2 (Cary, NC, USA).
To assess temporal variability of perchlorate, nitrate, thiocyanate and iodide, we used three statistical methods (Teitelbaum et al., 2008) . For reproducibility, we used the intraclass correlation coefficient (ICC) defined as the percent of total variance explained by between-person variance (Rosner, 2000) . In addition, we computed Spearman's correlation coefficients (SCC) between concentrations determined at different times within the 6-month period. Finally, we performed a surrogate category analysis to assess how well tertile ranking by a single biomarker measurement (surrogate sample) represented the average concentration over 6 months (Willett, 1998; Hauser et al., 2004) .
Children providing at least two urine samples (N ¼ 29 children; N ¼ 153 samples) were included in the ICC and SCC calculations. The ICC was calculated from a one-way random-effects ANOVA model estimated independently for each analyte (SAS Proc Mixed, V9.2). An ICC of at least 0.40 is considered as an indication of fair to good reproducibility and an ICC of 0.75 or greater is considered as excellent (Rosner, 2000) The SCC was calculated for samples collected at approximate intervals determined by collection dates (2, 4, 8, 12, 16, 20 and 24 weeks apart) . Depending on the timing of urine donation, between 18 and 59 sample pairs were included in each interval-based SCC calculation.
Finally, the surrogate category analysis was conducted for each analyte using data from 24 children who had urine samples collected at the following four timepoints: baseline; 8-10 weeks after baseline; 12-14 weeks after baseline; and 23-29 weeks after baseline. The ''surrogate sample'' is defined as the set of 24 samples collected at one of the four collection timepoints, that is, baseline. The 6-month mean concentration (mean of the four repeated measures over the 6-month period) was calculated to represent the average analyte exposure for this time period. We calculated tertile cutpoints using the analyte concentration distribution of the 24 baseline samples (one per child). These cutpoints were used to classify each child into low (0-33rd percentile), medium (34th-67th percentile) or high (467th percentile) concentration groups. We then computed three tertile-specific 6-month grand means by averaging the 6-month mean concentrations of the children who were assigned to each tertile (ND8). All calculations were performed on the natural-log-transformed data and were then back transformed to obtain geometric means. A monotonic increase in the geometric means across tertiles indicates that the concentration measured in a single sample is predictive of the 6-month average concentration. Using each of the other three surrogate sample sets, we calculated tertile cutpoints and tertile-specific grand means, and examined each for a monotonic increasing trend. In the absence of a formal statistical test for these trends, we calculated SCCs using the four sets of surrogate ranks (1, 2, or 3) and tertile-specific geometric means. A positive SCC was considered an indicator of an overall monotonically increasing trend. 
Results
Detectable levels of all analytes were found in all samples. Compared with NHANES data (children 6-11 years), urinary perchlorate, nitrate and thiocyanate concentrations were lower in our population (both creatinine corrected and uncorrected). Conversely, the urinary iodide concentration in our population was higher than the total urinary iodine levels measured in NHANES children (Table 1) .
Intraclass Correlation Coefficient
As shown in Table 2 , the ICC measure of reproducibility was poor (0.10-0.12) for perchlorate, nitrate and iodide, and fair for thiocyanate (0.36). The ICCs were fairly similar when based on uncorrected concentrations.
Spearman's Correlation Coefficients
The correlations for each biomarker across multiple sampling times ranged from 0.01 to 0.57 (Table 3 ). There were a few significant or borderline significant correlations among both the creatinine-corrected and uncorrected samples. However, there was no consistent pattern in correlations over time; the strength of association for shorter intervals was not different than that for longer intervals. Thiocyanate had the most consistently moderate, positive correlations and no negative correlations. In general, creatinine correction either strengthened or did not change the correlations among samples.
Surrogate Category Analysis
The surrogate category analysis showed consistent results for almost every surrogate tertile (Table 4) . Creatinine-corrected results are discussed as the patterns were almost identical to uncorrected results. For iodide and thiocyanate, all surrogate samples (baseline, 8-10 weeks after baseline, 12-14 weeks after baseline, 23-29 weeks after baseline) produced monotonic increasing 6-month geometric means for the three exposure categories. For example, when study participants were assigned into three exposure categories based on baseline samples, the 6-month geometric mean for iodide was 210 mg/g creatinine among the children in the lowest Variances are from a one-way random-effects ANOVA model using data from children with at least two samples over a 6-month period (N ¼ 29 children, 153 samples); calculations were performed on natural-log-transformed data; intraclass correlation coefficient ¼ between-child variance/ total variance. intake group, 278 mg/g creatinine in the medium intake group and 397 mg/g creatinine in the highest intake group. Nitrate and perchlorate each had one surrogate sample with a non-monotonic increasing trend across geometric means. These observed trends were further supported by the high SCCs calculated between the surrogate rank and the geometric means. For all of the biomarkers, the SCCs were statistically significant (Po0.001) and 40.91 for creatininecorrected concentrations and 40.82 for the uncorrected concentrations.
Discussion
Biomarkers are valuable for assessing exposure and potential health effects in epidemiology, as well as occupational and environmental medicine. There is a paucity of information on perchlorate, thiocyanate and nitrate concentrations in children and the differences observed between our population and NHANES highlight potential geographic and dietary variation among study populations. The results of the present study demonstrate fair temporal reliability in the spot urine concentrations of the three NIS inhibitors and iodide. All samples had detectable levels of all analytes indicating exposure was occurring, however, the inconsistent correlations across time support the assumption of varied and episodic intake of these chemicals over a 6-month interval (Blount et al., 2006b ). In spite of this, the predictive ability of a single sample to reliably rank individuals according to their 6-month average analyte concentration is good. Although the absolute measures may not provide a reasonable representation of longer-term exposures, the surrogate category analysis provides some assurance that we can reliably rank individuals relative to each other based on analyte levels in a single-spot urine. ICCs (between-person variance divided by the sum of between-and within-person variance) is a measure of reproducibility (Rosner, 2000) . In our population for all analytes, the within-child variance was greater than the between-child variance, contributing to the overall low ICCs. The estimates of within-person variance reflect the sum of variances from both biological and methodological sources. Biological sources of within-person day-to-day variability are expected because the anions have short biological half-lives and are excreted quickly. Foods contain varying amounts of these anions, and thus ingestion of these foods can also influence the day-to-day variability in exposure (Blount and Valentin-Blasini, 2006 ). In addition, variability found in our study is partly due to the fact that participants provided casual urine samples at various times of the day, and timing of samples relative to an individual's recent consumption have been found to add to variability in measures . Methodological variation of the laboratory methods also needs to be considered as a source of error; Analyses were conducted on data from 24 children with four samples collected at the surrogate sample timepoints. The concentration distribution of the 24 samples collected at the surrogate sample timepoint was used to create tertile cutpoints for assignment of each child into low, medium, or high exposure level. The three exposure category means were computed using the 6-month mean concentrations of the individual children assigned to each exposure group (ND8). All calculations were performed on natural-log-transformed data and were back transformed to obtain geometric means. m Indicates a monotonic increase in geometric means across tertiles based on Spearman's correlation coefficients (see Methods for details).
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however, the coefficient of variation for these analytical methods was low (4-7.2%) Therefore, analytical imprecision is not a significant contributor to the low ICCs. True biological variance is most likely responsible for the magnitude of the within-person variance component. The most plausible explanation is varied dietary intake and relatively rapid clearance. In addition, intra-individual variability in urinary creatinine over time might affect creatinine-corrected results (Barr et al., 2005) . Regardless of the source and amount of within-person variance, one approach to minimize this bias would be to use an average concentration based on several urine samples obtained from each person, or to collect urine samples that integrate over longer time periods (e.g., 24 h urines). However, this approach is not always feasible.
A few studies in varying populations have examined the temporal variability of perchlorate, thiocyanate and iodide adjusted for creatinine by comparing 24 h urine samples to spot samples (Rasmussen et al., 1999; Ohira et al., 2008; Anderson et al., 2009; Vejbjerg et al., 2009) . All of these studies show that a single sample does not estimate the mean concentration of a 24-h urine sample. The 24-h urine measurement is often considered as the ''reference standard'', however, there are difficulties associated with collection (Vejbjerg et al., 2009) , so for population-based studies, spot samples corrected for creatinine are most commonly used. Additionally, one of these studies (Ohira et al., 2008) focused on women who were secreting varied amounts of the analytes through breast milk, and thus complicating correlations between spot urine and 24-h urine concentrations. To improve the validity of spot samples, age-and genderspecific creatinine adjustments are suggested (Vejbjerg et al., 2009) . Pharmacokinetic investigation of 24-h urinary nitrate excretion demonstrated that maximum urinary concentrations occur between 4 and 6 h after consumption of a nitrate bolus (Pannala et al., 2003) . This result suggests that similar to perchlorate, thiocyanate and iodide, a morning spot urine sample of nitrate would be lower than a 24-h sample.
Compared with the half-lives of perchlorate, nitrate and thiocyanate, other studies examining biomarkers with both longer (e.g., organochlorines and lead; Karmaus and Riebow, 2004) and similar half-lives (e.g., phthalates, phytoestrogens and phenols; Hoppin et al., 2002; Hauser et al., 2004; Fromme et al., 2007; Teitelbaum et al., 2008) have found less intra-individual variability over periods of days to months compared with our current examination of NIS inhibitors and iodide. The greater variation in NIS inhibitor biomarker concentrations may be due to larger fluctuations in exposure sources as compared with the ubiquitous and more constant exposure to some of these other chemicals such as phthalates.
Perchlorate, nitrate and thiocyanate are competitive inhibitors of the NIS that can decrease iodine uptake by the thyroid (Braverman and Utiger, 2005) ; however, more epidemiological research is warranted to determine whether exposure at present levels is associated with negative thyroidrelated health outcomes. To conduct these types of investigations, it is essential to assess exposure as accurately as possible within the limitations of an epidemiological setting. We find substantial within-person variability of NIS-inhibitor concentrations in spot urine specimen collected from children over a 6-month period. It is possible that less within-person variability and higher correlations in analyte concentrations over time would be observed in more highly exposed populations. Nonetheless, our surrogate analysis findings show that a single-spot urine sample reliably categorizes participants' exposure to perchlorate, nitrate, thiocyanate and iodide. Thus, our results support the use of a single sample as a measure of exposure in epidemiological studies where investigations of relative ranking of exposure are used.
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